Thymine DNA glycosylase (TDG) is a base excision repair (BER) enzyme, which is implicated in correction of deamination-induced DNA mismatches, the DNA demethylation process and regulation of gene expression. Because of these pivotal roles associated, it is crucial to elucidate how the TDG functions are appropriately regulated in vivo. Here, we present evidence that the TDG protein undergoes degradation upon various types of DNA damage, including ultraviolet light (UV). The UV-induced degradation of TDG was dependent on proficiency in nucleotide excision repair and on CRL4 CDT2 -mediated ubiquitination that requires a physical interaction between TDG and DNA polymerase clamp PCNA. Using the Tdg-deficient mouse embryonic fibroblasts, we found that ectopic expression of TDG compromised cellular survival after UV irradiation and repair of UV-induced DNA lesions. These negative effects on cellular UV responses were alleviated by introducing mutations in TDG that impaired its BER function. The expression of TDG induced a large-scale alteration in the gene expression profile independently of its DNA glycosylase activity, whereas a subset of genes was affected by the catalytic activity of TDG. Our results indicate the presence of BER-dependent and BER-independent functions of TDG, which are involved in regulation of cellular DNA damage responses and gene expression patterns.
Introduction
Genomic DNA is continuously damaged by its own instability as well as various factors from endogenous and environmental sources. One of major spontaneous DNA damage is hydrolytic deamination, by which adenine, guanine and cytosine are converted into hypoxanthine, xanthine and uracil, respectively (Lindahl 1993) . Among these nucleobases, cytosine is most susceptible to deamination, resulting in a G : U mismatch. Notably, 5-methylcytosine (5mC), a wellknown epigenetic marker in higher eukaryotes, undergoes deamination with much higher efficiency than cytosine, changing into thymine. Such G : U and G : T mismatches can induce G : C to A : T transitions, if DNA is replicated before correction of those mismatches.
The base excision repair (BER) pathway is mainly responsible for correction of the deamination-induced G : U and G : T mismatches and thus supposed to contribute to suppression of spontaneous mutagenesis. In prokaryotes, mismatch-specific uracil-DNA glycosylase (MUG) removes U from a G : U mismatch and initiates BER . However, in eukaryotes, several BER enzymes have been implicated in this process, including thymine DNA glycosylase (TDG) (Neddermann & Jiricny 1994; Neddermann et al. 1996) , methyl-CpG binding domain 4 DNA glycosylase (MBD4) (Hendrich et al. 1999; Petronzelli et al. 2000) and single-strand-selective monofunctional uracil-DNA glycosylase 1 (SMUG1) (Nilsen et al. 2001) . TDG and MBD4 can remove both U and T mismatched with G, whereas activity of SMUG1 is specific for U in either singleor double-stranded DNA. Notably, TDG tightly associates with its own products, abasic sites, and thus hardly turns over by itself among multiple substrates (Waters & Swann 1998) . Biochemical and structural studies showed that SUMOylation of TDG attenuates its interaction with DNA so that this post-translational modification has been implicated in promotion of the TDG turnover in vivo (Hardeland et al. 2002; Baba et al. 2005; Steinacher & Sch€ ar 2005) . Other factors, such as AP endonuclease 1, have been reported to facilitate the enzymatic turnover of TDG at least in vitro (Waters et al. 1999) . In addition, we previously reported that the xeroderma pigmentosum group C (XPC) protein complex, which is a key DNA damage detector involved in the global genome nucleotide excision repair (GG-NER) pathway, physically interacts with TDG and stimulates its activity in vitro by promoting the enzymatic turnover (Shimizu et al. 2003 (Shimizu et al. , 2010 . These findings raised the possibility that XPC may play dual roles in NER and BER, which could be relevant in suppression of not only UV-induced but also spontaneous mutations. However, it has not been investigated whether TDG affects the canonical function of XPC in GG-NER.
In addition to the function in BER, TDG has more recently been implicated in the process of demethylation of cytosines in genomic DNA. Disruption of the Tdg gene causes embryonic lethality in mice (Cort azar et al. 2011; Cortellino et al. 2011; Saito et al. 2012) , presumably because of hypermethylation and impaired expression of some development-associated genes. 5-Hydroxymethylcytosine (5hmC) is a critical intermediate of the DNA demethylation process, which is generated through oxidation of 5mC catalyzed by the ten-eleven translocation (TET) methylcytosine dioxygenase family proteins (Tahiliani et al. 2009; Ito et al. 2010) . Although 5hmC itself does not serve as a good substrate for TDG, further oxidation by TETs results in 5-formylcytosine and 5-carboxylcytosine, both of which can be removed by TDG Ito et al. 2011; Maiti & Drohat 2011) . Furthermore, enzymatic deamination of 5hmC and its oxidation products has also been implicated in TDG-mediated removal of those modified cytosine residues (Rai et al. 2008; Bhutani et al. 2010; Popp et al. 2010) . Notably, there is accumulating evidence indicating that XPC is involved in transcriptional regulation (Le May et al. 2010; Fong et al. 2011; Cattoglio et al. 2015) . Therefore, it is possible that the interaction with TDG may target XPC not only to BER but also to transcription.
Considering the multiple important functions of TDG, it is understandable that its expression levels need to be regulated strictly. It was reported that the TDG protein is degraded in a proteasome-dependent manner as cells enter S phase of cell cycle (Hardeland et al. 2007 ). More recently, the Cullin 4-RING E3 ligase complex containing CDT2 (CRL4 CDT2 ) has been identified as the responsible ubiquitin ligase (Shibata et al. 2014; Slenn et al. 2014) , which is also involved in degradation of DNA replication licensing factor CDT1 (Jin et al. 2006) , histone methyltransferase SET8 (Abbas et al. 2010 ) and cyclin-dependent protein kinase inhibitor p21 (Abbas et al. 2008) . Although over-expression of TDG was shown to compromise cell proliferation (Shibata et al. 2014) , precise biological meanings of the TDG degradation still remain to be understood. Here, we report that TDG also undergoes CRL4 CDT2 -mediated degradation in response to various types of DNA damage including ultraviolet light (UV) irradiation. Forced expression of TDG has negative effects on cellular UV responses, in which the BER functions of TDG seem to be involved. However, expression of TDG alters gene expression profiles, which may be mediated by both BER-dependent and BER-independent mechanisms.
Results

TDG is degraded in response to DNA damage
To gain insights into in vivo regulation of TDG functions, we examined behaviors of the TDG protein in response to DNA damage. The normal human fibroblast cell line WI38 VA13 was irradiated with 10 J/m 2 UVC and, after incubation for various time periods, the endogenous TDG protein was detected by Western blotting (Fig. 1A) . In agreement with the previous report (Slenn et al. 2014) , two major bands were detected with our anti-TDG antibody, and the slower migrating band was assigned as a SUMOylated form of TDG, which was confirmed by ectopic over-expression of FLAG-tagged TDG together with SUMO-1 (Fig. 1B) . After the UV irradiation, a gradual reduction in the TDG protein level was observed (Fig. 1A) , suggesting that TDG is degraded in response to UV exposure of cells. When the UVC doses were varied, we observed dose-dependent decreases in the TDG protein (Fig. 1C) . Furthermore, this degradation was dependent on expression of the functional XPA gene (Fig. 1D) , suggesting that the NER pathway is involved in this response.
Next, we examined responses of the TDG protein upon treatment with various types of DNA-damaging agents other than UV. In the normal human fibroblast cells, H 2 O 2 (oxidizing agent), methyl methanesulfonate (MMS; alkylating agent) and cisplatin (intra-and interstrand cross-linking agents) induced similar reductions in the TDG protein levels ( Fig. 2A-C It has been reported that TDG is degraded by the proteasome in S phase of cell cycle (Hardeland et al. 2007) , which depends on ubiquitination mediated by the CRL4 CDT2 E3 ligase complex (Shibata et al. 2014; Slenn et al. 2014) . Notably, a canonical substrate of this E3 ligase, the DNA replication licensing factor CDT1, is degraded not only in S phase but also in response to UV irradiation (Higa et al. 2003; Shiomi et al. 2012) . The UV-induced degradation of CDT1 is also mediated by CRL4 CDT2 , strongly suggesting that the same E3 ligase is responsible for the DNA damage-responsive degradation of TDG.
It was confirmed that treatment with a proteasome inhibitor, MG132, suppressed the UV-induced reduction in the TDG protein level in normal human fibroblast cells (Fig. 3A) . Next, we undertook suppression of endogenous CDT2 with siRNA. Western blot analyses confirmed that the CDT2 protein level Genes to Cells (2017) 22, 392-405 was efficiently diminished by treatment with siRNA targeting CDT2, but not with negative control siRNA (Fig. 3B ). In the absence of CDT2, the TDG protein level was increased gradually, presumably due to stabilization during S phase. As expected, in the CDT2-knockdown cells, the UV-induced TDG degradation was also suppressed (Fig. 3C) , showing that CRL4 CDT2 is the responsible E3 ligase for the TDG degradation not only in S phase but also in response to UV irradiation.
To further validate the involvement of CRL4 CDT2 , we attempted to reconstitute the ubiquitination reaction of TDG in a cell-free system. For this purpose, the recombinant DDB1-CDT2-CUL4A-RBX1 complex was purified using the baculovirus expression system (Fig. 3D ). With this E3 ligase complex and other purified protein factors, in vitro ubiquitination reactions were carried out, which resulted in mobility shifts of TDG as detected in the Western blot analysis (Fig. 3E ). Taken together, we conclude that, in response to DNA damage, TDG is ubiquitinated by the CRL4 CDT2 E3 ligase and degraded in a proteasome-dependent manner.
Mutations in the PIP degron motif stabilize TDG It has been shown that known targets for CRL4 CDT2 , including CDT1 and TDG, share common amino acid sequence motif, which is involved in interaction with the DNA polymerase clamp, proliferating cell nuclear antigen (PCNA) and indispensable for the CRL4 CDT2 -mediated degradation Havens & Walter 2009 ). To examine roles of this 'PCNA-interacting protein (PIP) degron' motif in TDG, we constructed a mutant human TDG, which contained three alanine substitutions in the motif (Fig. 4A ). We confirmed that this TDG DPIP mutant lacks the interaction with PCNA using bacterially produced recombinant proteins (Fig. 4B ). The human TDG DPIP mutant and wild-type (WT) TDG were fused to the FLAG-tag and stably expressed in the Tdgdeficient mouse embryonic fibroblast cells (Tdg À/À -MEFs) using the retroviral expression system. When protein expression was confirmed by Western blotting, we noticed that the TDG DPIP protein tended to be expressed at a higher level in comparison with TDG WT (Fig. 4C ). Immunofluorescence staining of the ectopically expressed FLAG-TDG proteins showed that the mutations introduced into the PIP degron motif compromised the TDG degradation in S phase as expected (Fig. 4D ). After UVC irradiation of these transformed cell lines, TDG WT was degraded as observed with endogenous TDG in human fibroblast cells, whereas TDG DPIP showed remarkable resistance to the UV-induced degradation (Fig. 4E ). These findings further support the notion that TDG is degraded by CRL4 CDT2 in response to UV irradiation, for which the interaction with PCNA is required.
TDG expression affects cellular responses to UVinduced DNA damage
It was reported that the presence of the TDG protein during S phase had negative effects on DNA replication and cell proliferation (Shibata et al. 2014) . Using our Tdg caused by the ectopic expression of WT or DPIP mutant TDG (data not shown). However, we previously reported that TDG physically interacts with the XPC protein, a key damage recognition factor in GG-NER, and that XPC stimulates in vitro the BER activity of TDG by enhancing its enzymatic turnover (Shimizu et al. 2003 (Shimizu et al. , 2010 . Based on these findings, we postulated that expression of TDG may affect GG-NER.
To test this possibility, we compared survival rates after UVC irradiation of the transformed MEF cell lines. Intriguingly, the ectopic expression of TDG, WT or DPIP mutant conferred UV sensitivity to Tdg À/À -MEFs in comparison with the control cells containing the empty vector (VEC) (Fig. 5A ). Next, we examined repair kinetics of UV-induced DNA lesions ( Fig. 5B ; see also Fig. S1 in Supporting Information). In line with the results of UV survivals, removal of UV-induced 6-4PPs from the global genome was delayed by the expression of TDG. Although no significant difference in UV sensitivity or 6-4PP repair rate was observed between the TDG WT and DPIP cells, this was probably due to over-expression of the exogenous TDG proteins (Fig. S2A in Supporting Information). Using a different expression system, additional transformed cell lines were isolated, which showed a much higher steady-state level of TDG DPIP than WT (Fig. S2A in Supporting Information, compare lanes 2 and 3) and more pronounced effects of the DPIP mutations on UV sensitivity and repair kinetics of 6-4PPs (Fig. S2B ,C in Supporting Information). Taken together, our results suggest that expression of TDG has negative effects on GG-NER and/or cellular UV damage responses.
To gain more insights into the structure-function relationship, additional TDG mutants were constructed and stably expressed in Tdg À/À -MEFs using the retroviral expression system. The K330R mutation in human TDG eliminates the site of SUMOylation (Hardeland et al. 2002) , whereas the N140A and M269H mutants were shown to lack the DNA glycosylase and DNA binding activities, respectively (Hardeland et al. 2000) . Western blot analyses showed that the slower migrating band of TDG disappeared with the K330R mutation, as expected (Fig. 4C) . Intriguingly, SUMOylated TDG was also diminished dramatically with the M269H mutant, indicating that the SUMOylation depends on DNA binding of TDG. With these three TDG mutants, both enhanced UV sensitivity (Fig. 5A ) and delayed repair Figure 3 CRL4 CDT2 is the responsible E3 ligase for UV-induced degradation of thymine DNA glycosylase (TDG). (A) WI38 VA13 cells were pre-treated for 2 h with 20 lM MG132. After UVC irradiation at 10 J/m 2 , the cells were further incubated in the presence of MG132 for the indicated periods of time. As a control (mock), cells were treated similarly except that MG132 was omitted. The cell extracts were subjected to Western blot analyses. (B) WI38 VA13 cells were transfected with siRNA targeting CDT2 (siCDT2) or negative control siRNA (siNC). At 1~3 day post-transfection, the cell extracts were analyzed by Western blotting with the indicated antibodies. (C) WI38 VA13 cells, treated for 2 days with either siCDT2 or siNC, were irradiated with 10 J/m 2 UVC and incubated for various periods of time as indicated. (D) Purified recombinant CRL4 CDT2 E3 ligase complex was subjected to SDS-PAGE followed by silver staining. (E) In vitro ubiquitination assays using His-TDG as a substrate. TDG proteins in the reaction mixtures were analyzed by Western blotting. As controls, either E2 (UbcH5a) or E3 was omitted as indicated (-) . Arrow indicates the position of unmodified His-TDG.
Genes to Cells (2017) 22, 392-405 of 6-4PPs (Figs 5B and S1 in Supporting Information) caused by the TDG expression were alleviated. Given that SUMOylation has been supposed to facilitate the enzymatic turnover of TDG, our results suggest that the negative effects of TDG on cellular UV responses may be concerned with its BER functions.
TDG regulates gene expression in BER-dependent and BER-independent manner
To examine the molecular mechanism underlying the negative effects of TDG on GG-NER, the recombinant TDG protein was added to the in vitro NER dual-incision assay reconstituted with six purified NER factors, XPC, TFIIH, XPA, RPA, ERCC1-XPF and XPG. No significant effect was observed with the addition of TDG or its bacterial homologue MUG (Fig. 5C) , arguing against the possibility that TDG directly inhibits the NER reaction. Based on the results of Western blot analysis (Fig. 4C) , it was also unlikely that the expression of functional TDG affected the level of the damage recognition protein XPC.
Because TDG has been implicated in processing of methylated cytosines in genomic DNA and thus epigenetic regulation of gene expression, we next addressed how expression of TDG and its BER functions affects gene expression in Tdg À/À -MEFs. For this purpose, mRNA sequencing analyses were carried out with three retrovirus-transduced cell lines: Tdg À/À -MEFs expressing TDG WT, those expressing BER-deficient TDG N140A and the control VEC cells. We found that the cells expressing TDG WT and N140A showed clear similarity (Fig. 6A ). In comparison with the control cells, expression of TDG WT and N140A mutant resulted in significant changes in expression levels of 3330 and 2599 genes, respectively (adjusted P-values less than 0.1), among which 2071 genes were found in common (Fig. 6B) . Gene ontology analysis showed that the expression of TDG affected the expression of various genes independently of its DNA glycosylase activity (Table 1) . Although TDG WT and N140A cells showed analogous gene expression profiles, we detected 85 differentially expressed genes between them, 17 of which were involved in the enriched GO:0051174 (regulation of phosphorous metabolic process) ( Fig. 6B,C ; see also Table S1 in Supporting Information). Among the genes directly involved in GG-NER, Ercc1 and Ercc3 (Xpb) were found significantly up-regulated in both TDG WT and N140A cells in comparison with the control cells (Table S2 in Supporting Information). Taken together, the DNA glycosylase activity of TDG may modulate expression of a subset of genes and cellular UV responses, rather than directly affect specific components of the GG-NER machinery.
Discussion
It was previously reported that addition of MMSdamaged DNA to Xenopus egg extract induces degradation of the TDG protein (Slenn et al. 2014) , suggesting that the process of DNA repair triggers the TDG degradation in such a cell-free system. In this study, we present evidence that endogenous TDG in cultured human cells is degraded upon treatment with various DNA-damaging agents, including UVC, H 2 O 2 , MMS and cisplatin. It should be noted that DNA lesions induced by these agents could be handled by various different repair pathways, such as NER, BER, double-strand break repair and interstrand cross-link repair. Considering that the CRL4 CDT2 -mediated ubiquitination and degradation require interaction of target proteins with PCNA, it is likely that the TDG degradation depends on repairassociated DNA synthesis rather than on any particular repair pathway. This is in line with our results of the NER-deficient XP-A cell line, in which the UVinduced degradation of TDG was enhanced by complementation with the functional XPA gene (Fig. 1D) . The presence and absence of functional XPA expression did not affect the TDG degradation induced by H 2 O 2 or MMS (Fig. S3 in Supporting Information), both of which are supposed to induce DNA lesions handled mainly by repair pathways other than NER. These results further support the notion (B), mean values and standard deviations were calculated from three independent experiments. For (A), two-way analyses of variance with post hoc Tukey's HSD tests were carried out to assess statistical significance of the difference among the samples. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Combinations with no significant difference are not shown. Statistical evaluation of (B) is provided in Fig. S1 in Supporting Information. (C) In vitro NER dual-incision assays were carried out with the six purified NER factors and varied concentrations of TDG or Escherichia coli MUG. The excised oligonucleotides containing a 6-4PP are shown.
Genes to Cells (2017) 22, 392-405 that the observed TDG degradation depends on DNA synthesis associating with the particular repair pathway corresponding to induced lesions.
It was already known that TDG is degraded in S phase of cell cycle (Hardeland et al. 2007) , which is mediated by the CRL4 CDT2 E3 ligase (Shibata et al. 2014; Slenn et al. 2014 ). Although precise biological meanings of this degradation have not been fully understood, forced over-expression of TDG, especially the degradation-resistant PIP degron mutant, slowed cell growth (Shibata et al. 2014) , suggesting that the presence of TDG during DNA replication may be harmful to the cell. With our Tdg À/À -MEFs as parental cells, however, we did not notice a discernible growth defect caused by the ectopic expression of TDG, wild type or DPIP mutant. This difference could be due to background statuses of the cells used; Tdg-deficient mice are embryonic lethal, so that the MEFs may have been somehow adapted during establishment to physiological and metabolic circumstances lacking the TDG functions. Importantly, TDG ectopically expressed in such cells was degraded both in S phase and in response to DNA damage, as observed with endogenous TDG in normal human cells, suggesting that the TDG degradation can occur independently of its cytotoxic effect. Here, the ubiquitination reaction of TDG was reconstituted in a defined system using purified protein factors including the CRL4 CDT2 E3 ligase complex. With this system, however, the efficiency of ubiquitination appeared to be relatively low, as judged from the pattern of band shifts observed in the Western blot analysis (Fig. 3E) . As described in the previous report, the PIP degron sequence in TDG is functionally suboptimal so that introduction of an additional aromatic amino acid could remarkably augment ubiquitination and degradation of TDG in Xenopus egg extract (Slenn et al. 2014) . Furthermore, because our recombinant TDG protein was produced in Escherichia coli, it is also possible that certain post-translational modifications, such as phosphorylation, may be required for efficient recognition by CRL4 CDT2 and/or interaction with PCNA. In fact, CDT1 is known to be phosphorylated by cyclin-dependent protein kinases in S phase (Liu et al. 2004; Sugimoto et al. 2004) . TDG is reported to be a substrate of protein kinase Ca (Mohan et al. 2010 ), but it is unclear whether TDG undergoes phosphorylation-induced ubiquitination upon DNA damage. Additional experiments would be necessary to optimize the in vitro ubiquitination of TDG.
In this study, we unexpectedly found that the expression of TDG in Tdg À/À -MEFs resulted in enhanced sensitivity to UV and slowed removal of 6-4PPs. Notably, similar phenomena were not observed with the DNA-damaging agents tested in this study other than UVC (Fig. S4 in Supporting Information) , presumably pointing to a specific link to the NER pathway. The negative effects on UV damage responses appeared to be alleviated by introducing one of the three amino acid substitutions: N140A, M269H or K330R. Given our previous report that XPC interacts with TDG and promotes its enzymatic turnover (Shimizu et al. 2003) , one possible explanation for the impairment of GG-NER would be that TDG bound to its own product, abasic site, may recruit and sequester XPC; in this way, XPC could be prevented, at least transiently, from engagement with its canonical damage recognition function in GG-NER. This model could explain the effects of N140A and M269H mutations, with which TDG would not form such reaction intermediates. However, the K330R mutant is probably proficient in initiating the BER reaction and thus could have even worse effects on such restraint of XPC, because the SUMOylationmediated enzymatic turnover, if any, would not be operational with this mutant TDG.
Another possibility would be that XPC may cooperate with TDG in regulation of transcription, thereby restrained from engagement with GG-NER. TDG has been shown to interact with a number of transcriptional regulators, including histone acetyltransferase CBP/p300 (Tini et al. 2002) and nuclear hormone receptors (Chen et al. 2003) . In addition, TDG is implicated in activation of gene expression through DNA demethylation, which is supposed to process oxidized intermediates of 5mC and initiate the BER reaction Ito et al. 2011; Maiti & Drohat 2011) . However, it was reported that XPC also may be involved in regulation of gene expression and localize in promoter regions together with other NER factors (Le May et al. 2010 ). Therefore, TDG recruited to promoter regions might sequester a fraction of NER factors and consequently reduce capacity of GG-NER in cells. In fact, our mRNA sequencing analyses showed that expression of many genes was altered by the presence of TDG. It should be noted that a substantial number of these genes were commonly affected by both TDG WT and N140A, whereas a subset of genes seemed to be regulated differentially. These findings suggest the presence of at least two different mechanisms underlying the TDG-mediated regulation of gene expression; one is dependent on the catalytic activity of TDG, and the other is attributed to a more structural role of the protein. Apart from the physical sequestration of NER factors by TDG, it is possible that the TDG-induced alteration of transcriptional environments may affect efficiency of GG-NER and/or cellular responses to UV. Further studies would shed light on the functional crosstalks between TDG and DNA damage-responsive pathways.
Experimental procedures
Cell lines and culture
The normal human fibroblast cell line WI38 VA13 was cultured at 37°C in a 5% CO 2 atmosphere in Dulbecco's modified Eagle's medium (Nissui Pharmaceutical, Tokyo, Japan) supplemented with 10% fetal bovine serum. The Tdg-deficient mouse embryonic fibroblast cells (Tdg À/À -MEFs) were established as described previously (Saito et al. 2012) and cultured with the same conditions. For protein expression with recombinant baculoviruses, High Five insect cells were cultured at 27°C in Ex-Cell 405 serum-free medium (Sigma-Aldrich, St Louis, MO, USA).
Establishment of stably transformed cell lines
The retroviral expression vector pMMP-puro (obtained from T. Taniguchi, Fred Hutchinson Cancer Research Center, with permission from R. C. Mulligan, Harvard Medical School) was used for stable expression of human TDG proteins fused to the N-terminal FLAG-tag. With the pMMP-puro construct containing FLAG-tagged wild-type TDG, various mutations in TDG were introduced using the QuikChange Site-directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA). These constructs were transfected into the 293GPG retrovirus packaging cell line using the FuGene HD reagent (Promega, Fitchburg, WI, USA) and, after incubation at 37°C for 6-9 days, culture supernatants containing recombinant retroviruses were recovered and used for subsequent infection of Tdg À/À -MEFs. Stable transformants were selected by culturing in the presence of 4 lg/mL puromycin (SigmaAldrich).
Additional transformed cell lines were obtained with the pIREShyg vector (Takara Bio, Kusatsu, Shiga, Japan). The plasmid constructs were introduced into Tdg 
Preparation of cell lysates
Cells in 60-mm dishes were washed twice with phosphatebuffered saline (PBS) and recovered by trypsinization. The cells were collected by centrifugation for 5 min at 160 g and lysed on ice for 1 h with 150 lL of buffer A [10 mM PipesNaOH (pH 6.8), 3 mM MgCl 2, 1 mM EGTA, 0.3 M NaCl, 10% glycerol, 0.1% Triton X-100, 10 mM N-ethylmaleimide (NEM; Wako Pure Chemicals, Osaka, Japan)] containing protease inhibitor cocktail [0.25 mM phenylmethylsulfonyl fluoride (PMSF: Sigma-Aldrich), 1 lg/mL leupeptin, 2 lg/mL aprotinin, 2 lg/mL pepstatin, 50 lg/mL Pefabloc SC (AEBSF); all inhibitors, except for PMSF, were purchased from Roche Diagnostics, Basel, Switzerland]. The cell lysates were centrifuged at 4°C for 10 min at 20 000 g, and the resultant supernatants were used as soluble cell extracts.
To prepare nuclear extracts, collected cells were resuspended in buffer B [10 mM Hepes-NaOH (pH 7.9), 1.5 mM MgCl 2 , 10 mM KCl, 0.1 mM EDTA, 0.1% Nonidet P-40, 10 mM NEM, protease inhibitor cocktail]. After incubation on ice for 30 min, the cell lysates were centrifuged at 4°C for 5 min at 9100 g. The resultant pellets were washed once with buffer B and then suspended in buffer C [20 mM Hepes-NaOH (pH 7.9), 1.5 mM MgCl 2 , 0.1 mM EDTA, 0.4 M NaCl, 10% glycerol, 0.1% Nonidet P-40, 10 mM NEM, protease inhibitor cocktail]. After incubation on ice for 1 h, nuclear extracts were obtained by centrifugation at 4°C for 5 min at 20 000 g. expression system (Thermo Fisher Scientific). High Five cells (1 L suspension culture at 1 9 10 6 cells/mL) were infected with the recombinant baculovirus co-expressing FLAG-DDB1 and CDT2-HA. After incubation at 27°C for 3 days, the infected cells were collected and suspended in 25 mL of buffer E [25 mM Tris-HCl (pH 8.0), 1 mM EDTA, 0.3 M NaCl, 10% glycerol, 1% Nonidet P-40, 1 mM DTT and protease inhibitor cocktail]. After incubation on ice for 60 min, the cell lysate was centrifuged at 4°C for 20 min at 20 000 g, and the resultant supernatant was dialyzed against buffer F [20 mM sodium phosphate (pH 7.8), 1 mM EDTA, 10% glycerol, 1 mM DTT and 0.25 mM PMSF] containing 0.1 M NaCl. The dialysate was centrifuged at 4°C for 20 min at 200 000 g to yield a clarified extract, which was subsequently loaded onto a HiLoad 16/10 SP Sepharose HP column (GE Healthcare Bioscience) equilibrated with buffer G (buffer F plus 0.01% Triton X-100) containing 0.1 M NaCl. After washing with the same buffer, bound proteins were eluted with buffer G containing 0.3 M NaCl and loaded onto a column (diameter, 5 mm; length, 50 mm), which had been packed with anti-FLAG M2 agarose beads (Sigma-Aldrich) and equilibrated with buffer H [20 mM sodium phosphate (pH 7.8), 0.3 M NaCl, 10% glycerol, 0.01% Triton X-100, 1 mM 2-mercaptoethanol and 0.25 mM PMSF]. After washing with the same buffer, the protein complex was eluted with buffer H containing 0.1 mg/ mL FLAG peptide (Sigma-Aldrich). The CUL4A-RBX1 complex was purified as described previously (Fischer et al. 2011) . To reconstitute the CRL4 CDT2 ubiquitin ligase complex, the purified DDB1-CDT2 complex (20 lg) was mixed with CUL4A-RBX1 (40 lg) and incubated on ice for 1 h. This mixture was then subjected to gel filtration chromatography using a Superdex 200 PC 3.2/30 column (GE Healthcare Biosciences) equilibrated with buffer G containing 0.1 M NaCl. The fractions containing the four subunits were determined by SDS-PAGE followed by silver staining.
His-TDG (Shimizu et al. 2003) , His-UBE1 (Matsumoto et al. 2015) and PCNA (Sugasawa et al. 1997 ) were purified as previously described. The E. coli MUG fused to the N-terminal His-tag was expressed in the E. coli strain BL21 (DE3) using the pET-28a vector (Takara Bio) and purified as for His-TDG. Human NER factors, including XPC-RAD23B-CETN2, TFIIH, XPA, RPA, ERCC1-XPF, and XPG, were also purified as described previously (Nishi et al. 2005; Sugasawa et al. 2009 ).
GST pull-down assay
Twenty microliters of glutathione Sepharose 4 fast-flow beads (GE Healthcare Bioscience) were incubated at 4°C for 16 h with either GST-TDG or GST (20 nM each) in 200 lL of buffer I [25 mM Tris-HCl (pH7.5), 1 mM EDTA, 0.15 M NaCl, 10% glycerol, 0.5% Triton X-100, 100 lg/lL bovine serum albumin (BSA)]. After washing three times with 800 lL of buffer I, the beads were incubated at 4°C for 3 h in 200 lL of buffer I containing 40 nM PCNA. After washing six times with 800 lL of buffer I, bound proteins were eluted with 25 lL of buffer E. Each eluate was subjected to SDS-PAGE followed by immunoblot analyses using appropriate antibodies.
In vitro ubiquitination assay
The standard reaction mixture (15 lL) contained 50 mM TrisHCl (pH 7.5), 5 mM MgCl 2 , 0.2 mM CaCl 2 , 2 mM ATP, 0.01% Triton X-100, 1 mM DTT, BSA (100 ng), poly(dI-dC) (76.3 ng; Affymetrix, Santa Clara, CA, USA), His-UBE1 (12.5 ng), UbcH5a (1.05 lg; Boston Biochem, Cambridge, MA, USA), His-TDG (60 ng), PCNA (62.5 ng), ubiquitin (10 lg) and CRL4 CDT2 (62.7 ng). The reactions were incubated at 30°C for 30 min, stopped by addition of 1 lL of 0.5 M EDTA and subjected to SDS-PAGE followed by immunoblot analyses using appropriate antibodies.
Antibodies, immunoblotting and immunostaining
A polyclonal anti-TDG antibody was raised against recombinant human TDG, which was fused to the N-terminal His-tag and expressed in E. coli. The antiserum from an immunized rabbit was subjected to ammonium sulfate precipitation and the subsequent affinity purification using GST-TDG covalently coupled to a HiTrap NHS-activated HP column (1 mL; GE Healthcare Bioscience). Anti-XPC (Sugasawa et al. 2009 ), anti-RAD23B (Sugasawa et al. 1996) and anti-CDT2 (Nishitani et al. 2008 ) polyclonal antibodies were obtained as described previously. Anti-HA (3F10; Roche Diagnostics), anti-PCNA (Abcam, Cambridge, UK), anti-a-tubulin (SigmaAldrich), anti-lamin B1 (Santa Cruz Biotechnology, Dallas, TX, USA) and anti-GST (GE Healthcare Bioscience) antibodies were purchased, respectively. For immunoblot analyses, proteins separated by SDS-PAGE were transferred onto polyvinylidene difluoride membrane filters (Immobilon-P; Merck-Millipore, Darmstadt, Germany) and detected by chemiluminescence using the appropriate secondary antibodies. Detection and quantification were carried out with an ImageQuant LAS-4010 lumino-imaging analyzer (GE Healthcare Biosciences). Blots were also exposed to X-ray films. Immunofluorescence staining was carried out basically as described previously (Sakai & Sugasawa 2014) .
Cell survival
Cells in 6-well plates (4 9 10 4 cells/well) were irradiated with various doses of UVC under germicidal lamps with an emission peak at 254 nm (GL-15; Toshiba, Tokyo, Japan). At 2 days post-irradiation, the CellTiter 96 AQueous One Solution reagent (Promega) was added to each well so that cell viability was assessed from measured absorbance at 490 nm. To assess sensitivity to H 2 O 2 or MMS, cells were cultured for 3 days in the presence of various concentrations of the reagent and processed in the same way.
mRNA sequencing
Total RNA was prepared from transformed MEF cells with the RNeasy Mini Kit (Qiagen, Hilden, Germany). The library was prepared with NEBNext Ultra Directional RNA Library Genes to Cells (2017) 22, 392-405 Prep Kit (New England Biolabs, Ipswich, MA, USA); the samples were sequenced on the Illumina HiSeq1500 system. The reads were aligned to the mouse genome GRCm38 using HISAT2 software (Kim et al. 2015 ; version 2.0.4) with the index (grcm38_snp_tran). The resulting BAM files were used as input to featureCounts (Liao et al. 2014 ; version 1.5.0) for read counting. The output in turn was used as input to DESeq2 (Love et al. 2014 ; version 1.14.1) to extract differentially expressed genes (with adjusted P-values less than 0.1). Gene ontology analysis (statistical overrepresentation test) was carried out with PANTHER (Thomas et al. 2003) .
Other materials and methods
Repair kinetics of UV-induced 6-4PPs was assessed by an enzyme-linked immunosorbent assay using the lesion-specific monoclonal antibody (64M-2; Cosmo Bio, Tokyo, Japan) as described previously (Mori et al. 1991; Nakagawa et al. 1998) . In vitro NER dual-incision reactions reconstituted with purified recombinant proteins were carried out as described previously (Nishi et al. 2013) . Visualization of S phase cells was carried out with the Click-iT EdU Alexa Fluor 594 Imaging Kit (Thermo Fisher Scientific). Transfection of siRNA was carried out using the ScreenFect siRNA reagent (Wako Pure Chemicals). Cycloheximide (Sigma-Aldrich) and MG132 (Calbiochem, San Diego, CA, USA) were purchased from the indicated suppliers. Statistical analyses were carried out with the GRAPHPAD PRISM software (version 6.01; GRAPHPAD Software). 
